[1] Element partitioning between wadsleyite, garnet, and hydrous ultramafic melt has been determined at 16 GPa and 1600°C using a Kawai-type multi-anvil high-pressure apparatus. Element partitioning between olivine and hydrous ultramafic melt was also studied at 5 GPa and 1500°C in order to compare element partitioning behavior between wadsleyite and olivine. Major and trace elements analyses of the quenched melt and coexisting wadsleyite, garnet, and olivine were made with an EPMA and LA-ICP-MS, respectively. The experimental results demonstrate that LIL (Rb, Sr, Ba) and HFS (Ti, Zr, Nb, Hf, Ta, Th, U) elements are preferably incorporated into wadsleyite relative to olivine, suggesting that the concentration of these elements in the hydrous transition zone could be greater than that in upper mantle. Our results contribute to understand magmatism and chemical differentiation in the Earth's interior. Citation: Mibe, K., Y. Orihashi, S. Nakai, and T. , Element partitioning between transition-zone minerals and ultramafic melt under hydrous conditions, Geophys.
Introduction
[2] High pressure studies have shown that the H 2 O storage capacity of wadsleyite (up to several wt%), which is considered to be the predominant mineral in the mantle transition zone, is greater than that of upper mantle minerals [e.g., Inoue, 1994; Kohlstedt et al., 1996; Chen et al., 2002; Demouchy et al., 2005] . Because of this change in H 2 O capacity, it has been suggested that hydrous melting may occur when hydrous materials upwelling from the transition zone encounter the 410 km discontinuity [Young et al., 1993; Kawamoto et al., 1996; Bercovici and Karato, 2003; Hirschmann et al., 2005; Hirschmann, 2006] . This process could play an important role in the origin of the geochemical characteristics of depleted upper mantle peridotite [Bercovici and Karato, 2003] . However, the validity of this hypothesis is unknown because no trace element partitioning data for wadsleyite and olivine are available in this pressure range under hydrous conditions. Here we report element partitioning between wadsleyite, garnet, olivine and hydrous ultramafic melt in order to clarify the magmatism and chemical differentiation in the Earth's deep interior.
Experiments

Experimental Procedure
[3] High pressure and high temperature experiments were carried out using a Kawai-type multi-anvil high-pressure apparatus (PREM; Press for magmatology) installed at the Earthquake Research Institute, University of Tokyo [Mibe et al., 2003 [Mibe et al., , 2006 . Element partitioning between wadsleyite, garnet, and hydrous ultramafic melt was determined at 16 GPa and 1600°C, whereas element partitioning between olivine and hydrous ultramafic melt was determined at 5 GPa and 1500°C. Tungsten carbide (WC) cubic anvils having 12-mm and 4-mm corner truncation edge lengths (TEL) were used for pressures at 5 and 16 GPa, respectively. Semi-sintered ZrO 2 octahedron pressure medium and a cylindrical graphite heater were used in the experiment at 5 GPa, whereas semi-sintered MgO (+5 wt% Cr 2 O 3 ) octahedron pressure medium and a cylindrical LaCrO 3 heater were used in the experiments at 16 GPa. Mo foil was used as the electrodes. The major element composition used as the starting material (OMN3 in Table S1 , auxiliary material 1 available online) was prepared from a mixture of JB-1 (powdered standard rock sample of alkali basalt distributed by the Geological Survey of Japan, Imai et al. [1995] ), SiO 2 , Mg(OH) 2 , and Fe 2 SiO 4 . The H 2 O content of starting material is 17.9 wt%. Trace elements at 100 -1000 ppm level were added using standard solutions in nitric acid. First, appropriate amount of each standard solution were mixed and dried at 110°C. Next, the dried residue was mixed with the powder of the starting material. This mixture was denitrified in air at 300°C for 3 hours in an aluminum crucible. The trace element doped powder was then loaded and sealed into Au 75 Pd 25 capsule (outer diameter 1.5 mm, inner diameter 1.2 mm, height $1 mm).
[4] The temperature of the samples was monitored with a W3%Re -W25%Re thermocouple. Because thermocouple emf signals were conducted through the surface of the tungsten carbide cubes to the temperature measurement electronics, it was necessary to make a correction for the surface temperature of the anvils. This was done by attaching a chromel-alumel thermocouple to the anvil surface [e.g., Irifune and Ohtani, 1986] . A correction for the effect of pressure on the thermocouple emf was not applied. The relationship between load and sample pressure was calibrated using the following phase transformations; SiO 2 (quartzcoesite) at 3.2 GPa and 1200°C [Bose and Ganguly, 1995] ; Fe 2 SiO 4 (a-g) at 5.8 GPa and 1200°C [Yagi et al., 1987] ; Mg 2 SiO 4 (a-b) at 1600°C and 15.1 GPa [Morishima et al., 1994] ; Mg 2 SiO 4 (b-g) at 1300°C and 18.9 GPa, and at 1400°C and 19.4 GPa [Akaogi et al., 1989] . The uncertain-ties in pressure and temperature are estimated to be about ±0.4 GPa and ±20°C, respectively. Based on the studies by Yasuda et al. [1990] and van Westrenen et al. [2003] , the temperature differences between the hottest part and the coldest part of the samples in runs with TEL = 12mm and TEL = 4mm were estimated to be less than 10°C and about 50°C, respectively.
[5] In the experiments, pressure was applied first, and then temperature was increased to the desired value. Because large grain size is needed for reliable trace element analyses, we conducted relatively long duration experiments ranging from 5 to 18 hours. During experiments, temperature was controlled within±3°C of the desired value. After the run, the charge was quenched by shutting off the power supply without changing the load. After pressure was released, the sample was recovered.
Analytical Methods
[6] The charges were mounted in epoxy, and polished. Then major element composition was analyzed using the JEOL JXA-8800 electron probe microanalyzer (EPMA) at the Earthquake Research Institute, University of Tokyo. An acceleration voltage of 15 kV and a beam current of 12 nA were employed. Counting time was 10 s for all elements. A point electron beam was employed for analysis of olivine, wadsleyite, and garnet. A 30 mm-diameter electron beam was used to obtain melt composition because the melt cannot be quenched into a homogeneous glass, rather forming a dendritic intergrowth of quench crystals (Figure 1 ).
[7] Trace element compositions were determined by a quadrupole based-ICP-MS (Thermo Elemental PlasmaQuad 3) set at the Earthquake Research Institute, University of Tokyo. The ICP-MS instrument was equipped with an Soption interface [Hirata and Nesbitt, 1995] and CHICANE ion lens [Iizuka and Hirata, 2004] . The laser ablation system used here was a commercial UP-213 laser system (New Wave Research) of frequency-quintupled Nd-YAG laser (l = 213 nm) [Magnani et al., 2006] . Details of instrument settings and parameters used here are described in Table S2 (available online). In order to obtain higher sensitivity, helium gas instead of argon gas was employed as a carrier gas and small amount of nitrogen gas (0.8 mL/min) was mixed into the carrier gas. Depending on crystal size of olivine, wadsleyite, and garnet, the laser parameters were changed within 16-40 mm with pulse repetition rate of 10 Hz. To minimize the effect of temperature gradient on the determination of partition coefficients, crystals close to the melt pool were analyzed. A 30 mm-diameter laser beam was used for the quenched melt. In order to detect the possible contamination of melt components during crystal analyses, time-resolved analysis (TRA) [e.g., Gonzalez et al., 2002] was applied. Duration of one measurement sequence on TRA mode employed here was 60 sec, which consists of data acquisitions of gas blank for 30 sec and penetration of the materials by laser ablation for ca. 25 sec. The obtained profiles of the elemental spectra were scrutinized and the data showing sign of melt contamination was excluded. NIST SRM610 glass standard, based on a critical evaluation of all data in the literature [Pearce et al., 1997] , was used as the calibration standard. Si concentration determined by EPMA prior to the LA-ICP-MS analysis was used as the internal normalization.
[8] Although it is well known that both olivine and wadsleyite can accommodate some amounts of H 2 O [e.g., Inoue, 1994; Kohlstedt et al., 1996; Chen et al., 2002; Demouchy et al., 2005] , no attempt was made to determine the H 2 O content in crystals in the present study. Totals of EPMA analyses were generally between the 99 and 101 wt% for all minerals including wadsleyite, indicating H 2 O contents in crystals in our sample charges are less than 1 wt%.
Results
[9] The phase assemblages of the recovered run products at 16 GPa and 5 GPa are wadsleyite + garnet + melt and olivine + melt, respectively (Figure 1 ). Major and trace element concentration in run products are available online (Table S3 ). The chemical composition of liquids is similar to that of kimberlites (Table S3) , which is consistent with the previous studies Kawamoto, 2004] . The grain size of both wadsleyite and olivine is about 50-100 mm (Figure 1 ). It was difficult to The dark and rhomb-shaped object in Figure 1c is the pore space formed by plucking of olivine during the polishing process.
obtain reliable trace element concentration of garnet because the average grain size of garnet was small ($20 mm). Here we report only one analysis of garnet each for runs no. HWP-10 and HWP-6. Partition coefficients (D i = weight fraction of i in mineral/weight fraction of i in melt) are listed in Table 1 .
[10] In order to confirm that equilibrium was attained in our experiments, two runs (HWP-10 and HWP-6) were done at exactly the same P-T conditions (16 GPa and 1600°C) with changing experimental durations (Table 1) . EPMA analyses showed that all crystal phases are homogeneous and do not show detectable compositional zoning. In the 5-hour run (HWP-6), we could not determine the concentration of some highly incompatible elements in wadsleyite because the grain size was too small. However, obtained D values in both runs are in good agreement with each other within the experimental uncertainties (Table 1) , indicating equilibrium has been attained in our sample charges.
[11] With the exception of Mg, Si, Co, and Ni, the rest of the elements are incompatible in both wadsleyite and olivine. D Cr for wadsleyite is close to unity, whereas Cr is incompatible in olivine. For garnet, Mg (D Mg $1), Al, Si, Sc, Cr, and Lu are compatible under our experimental conditions. Although we took great care in selecting LA-ICP-MS spectra, the standard deviations of D Sr , D La , D Pb , D Th , and D U for wadsleyite are quite large, and also D Gt/L values for some highly incompatible elements in the run HWP-6 are significantly larger than those in the run HWP-10 (Table 1) . These are probably because there is a small amount of contamination by interstitial melt. (Figure 2a) . Our experimental conditions are hydrous, whereas previous studies are anhydrous. Wood and Blundy [2002] showed that, for clinopyroxene, the effect of H 2 O could decrease partition coefficients because it lowers the activities of all other components in the melt. Experimental studies by Gaetani et al. [2003] and McDade et al. [2003] also showed that D REEs for clinopyroxene decreased by addition of H 2 O. By analogy with clinopyroxene, the difference of D REEs for olivine between previous studies and the present study can be explained by the effects of H 2 O. If this is the case, our results indicate that, for olivine, the relative enthalpies of fusion (DH f ) of major components are larger than those of trace components [see Wood and Blundy, 2002] .
[13] As for garnet, with the exception of La, our results are in excellent agreement with Inoue et al. [2000] whose experimental conditions (pressure, temperature, and H 2 O content) were very close to the present study (Figure 2b) . We consider that our analyses using LA-ICP-MS are probably more appropriate for analyzing La than using EPMA by Inoue et al. [2000] because La is highly incompatible in garnet.
Comparison Between Olivine and Wadsleyite-Melt Partitioning
[14] From Table 1 and Figure 2a , it can be seen that Al, Ti, Cr, Ni, Rb, Sr, Zr, Nb, Ba, Hf, Ta, Th, and U are preferably incorporated into wadsleyite relative to olivine. Our results are consistent with Gudfinnsson and Wood [1998] who reported trace element (Ti, Al, Cr, Ni, Ca, and Na) partitioning between olivine and wadsleyite under anhydrous and subsolidus conditions.
[15] It is well known that plots of the logarithm of the partition coefficient versus ionic radius for suites of isovalent cations entering a particular crystal lattice site show a near-parabolic variation [e.g., Onuma et al., 1968] . This near-parabolic variation can be well explained by the lattice strain in the crystal [e.g., Nagasawa, 1966; Brice, 1975; Beattie, 1994; Blundy and Wood, 1994] . In order to constrain the effects of crystal chemistry on trace element partitioning, the lattice strain model of Blundy and Wood [1994] was applied to our data. In this model, the partitioning of an ion i (D i ) onto a given crystal site is a function of the site elasticity (Young's modulus, E), the site size (optimum radius, r 0 ), and the theoretical strain-free partition coefficient (D 0 ) for an ion of the same charge with the optimum radius r 0 :
where r i is the radius of the element i, N A is Avogadro's number, R is the gas constant, and T is the temperature.
[16] Figure 3 shows that partition coefficients for trivalent cations obtained in the present study exhibit the predicted near-parabolic dependence on cation radius. Here we assume these trace elements are in VI-fold coordination in wadsleyite and olivine and VIII-fold coordination in garnet. Ionic radii are taken from Shannon [1976] . Although olivine has two octahedral (VI-fold) sites (M1 and M2), it has been shown that only one site can be used for fitting because two sites are sufficiently close in size and geometry [Beattie, 1994; Blundy and Wood, 2003] . In hydrous wadsleyite, there are four octahedron sites (M1, M2, M3a, and M3b) and both M3a and M3b sites are considered to have more vacancies than M1 and M2 sites [e.g., Smyth et al., 1997; Jacobsen et al., 2005] . However, the site preferences for each trace element in hydrous wadsleyite have not been clarified. We therefore used only one octahedral site for fitting wadsleyite as well as olivine.
[17] Regression parameters D 0 , E, and r 0 are shown in Figure 3 . It appeared that D 0 and r 0 for trivalent cations are similar in wadsleyite and olivine, although both D 0 and r 0 for wadsleyite are slightly smaller than those for olivine. Fitted r 0 for olivine (0.723) obtained in our hydrous experiment is in good agreement with the previously reported value (0.70 -0.73) obtained by fitting of existing data under anhydrous conditions . In the present study, the effect of melt composition on trace element partitioning was not investigated. In terms of the lattice strain model [Blundy and Wood, 1994] , the effect of melt composition would appear as a variation in D 0 , which is also a function of pressure, temperature, mineral, and water content of melt. More detailed studies have to be done in order to clarify the effects of crystal chemistry on trace element partitioning.
[18] Smyth et al. [1997] suggested that cation vacancies in Si (tetrahedral), M3a, and M3b sites are major compensation mechanisms that allow wadsleyite to incorporate variable amount hydrogen. It is considered that cation vacancies in these sites could also play an important role in understanding the cause of enrichment of LIL (Rb, Sr, Ba) and HFS (Ti, Zr, Nb, Hf, Ta, Th, U) elements in wadsleyite compared to olivine.
Implication
[19] It has been argued that the large contrast in storage capacity of H 2 O between the transition zone and overlying upper mantle could lead to partial melting of mantle material advecting across the 410 km discontinuity [Young et al., 1993; Kawamoto et al., 1996; Bercovici and Karato, 2003; Hirschmann et al., 2005; Hirschmann, 2006] . Bercovici and Karato [2003] proposed that this process may be a global feature and that the residual solid advected to upper mantle could be a principal source of the depleted MORB mantle.
[20] To test this ''transition-zone water filter'' model by Bercovici and Karato [2003] , trace element fractionation as a result of the following incongruent melting reaction has to be analyzed.
Hydrous wadsleyite þ Garnet 1 þ Clinopyroxene 1 ¼ Olivine þ Garnet 2 þ Clinopyroxene 2 þ Hydrous melt Because our experimental results have shown that LIL and some HFS elements are preferably incorporated into wadsleyite relative to olivine, the concentration of these elements (e.g., Rb, Ba, Nb, Ta) in the hydrous transition zone is considered to be greater than that in upper mantle. However, the absolute abundances of most of trace elements in garnet are larger than those in wadsleyite by a factor of 2 -3, except for Rb, Ba, Nb, Ta, Ni and Co (Table 1, Figure 2 ). Also, clinopyroxene could accommodate comparable amount of trace elements to garnet [e.g., Green et al., 2000] . Therefore, it is expected that the trace element pattern of the residual solid (i.e., the possible source of depleted upper mantle) of this reaction is mainly controlled by garnet and clinopyroxene. Quantitative analysis of the trace element behavior of this melting reaction is not possible by now because the mass fraction of each phase of the above reaction is unknown. More detailed and systematic studies of the influence of pressure, temperature, and composition of melt on element partitioning have to be done for a better understanding of magmatism and chemical differentiation in the Earth's deep interior.
